Introduction
Anaphylactic reactions affecting the gastrointestinal tract are associated with significant changes in intestinal transport (1) (2) (3) . Several lines of evidence indicate that mast cells are a critical source of mediators responsible for the functional abnormalities (reviewed in reference 2). IgE is clearly essential to the pathogenesis of certain anaphylactic reactions (4) , and mast cells express surface receptors that bind IgE with high affinity (4, 5) . Upon exposure to specific bivalent or multivalent anti- September 1990. gen, IgE-primed mast cells release a variety of mediators that theoretically are capable of altering intestinal transport (6, 7) . For example, anaphylaxis elicited in vivo results in release of mediators from mast cells, some of which can be detected systemically (8) , and is associated with abnormal transport offluid and electrolytes (1, 9, 10) .
The potential importance of mast cell mediator release in the production of intestinal transport abnormalities is supported by pharmacological studies with drugs that influence either mast cell activation or the end organ effects of mast cell-associated mediators (9, (11) (12) (13) (14) . Recent morphological, pharmacological, and electrophysiological evidence indicates that interactions between enteric nerves and mast cells may importantly participate in some ofthese responses (1 1, 13-16). Finally, in vitro studies have demonstrated that chloride ion secretion is the force responsible for the changes in fluid and electrolyte transport observed during intestinal anaphylaxis (17) (18) (19) and that activated mast cells or mast cell lysates can induce secretion from intestinal epithelial cells maintained in tissue culture (20, 21) .
However, even taken in aggregate, such evidence does not constitute proofthat mast cells are responsible for the transport changes associated with intestinal anaphylactic responses. A variety of cell types that can elaborate mediators similar or identical to those of mast cells, such as basophils, monocytes/ macrophages, platelets, and eosinophils (22, 23) , can also bind IgE or aggregates of IgE (23) . In addition, genetically mast celldeficient mice can express systemic anaphylactic responses resulting in death after appropriate sensitization and challenge with specific antigen (24) (25) (26) . At least some ofthese anaphylactic responses have been shown to be IgE dependent (26) . Finally, it has been shown that the intestinal tissues ofgenetically mast cell-deficient and congenic normal mice develop indistinguishable spasmogenic responses upon challenge with a wide variety of agonists, including the anaphylatoxin C5a that can induce mast cell mediator release in parallel with the spasmogenic responses (27) . Taken together, findings such as these raise the possibility that at least some of the physiologic changes in the intestine ofmice experiencing anaphylactic reactions may occur independently ofthe mast cell activation associated with these responses.
To examine more directly the actual contribution of mast cells to the secretory changes associated with intestinal anaphylaxis, we tested intestinal tissues derived from genetically mast cell-deficient WBB6F,-W/W' (W/W')' mice and the congenic 1 normal WBB6F1-+/+ (+/+) mice (28) (29) (30) . W/Wl mice exhibit a profound mast cell deficiency as a result of mutations involving the putative tyrosine kinase receptor c-kit (31) (32) (33) . The skin of adult W/W' mice contains < 0.3% the number of mast cells as the congenic +/+ mice, and no mast cells at all (ofeither the "connective tissue" or "mucosal" type) are observed in the peritoneal cavity, the gastrointestinal tract, or multiple other anatomical sites of W/J'V mice (28, 29) . However, the mast cell deficiency of the W/WV mice can be repaired by intravenous injection of normal bone marrow cells derived from the congenic +/+ animals (28, 29) . Notably, W/W mice have normal levels of circulating platelets (29) , basophils (24) , and other leukocytes (29) , and are not defective in their ability to generate an IgE response to appropriate sensitization (25) .
A recent preliminary report indicated that intestinal preparations from Trichinella-infected W/IW mice may be deficient in their ability to express ion transport changes in response to parasite antigen (34 (14) . The mice were studied 12-15 d after sensitization.
Ussing chambers. Mice were killed by cervical dislocation. Segments of mid small intestine were removed and placed in oxygenated 370 Krebs buffer (35) . The segments were opened along the mesenteric border and cut into sheets -2 cm in length. Up to five adjacent sheets from each animal were mounted in flux chambers that had been modified to contain Ag/AgCl stimulating electrodes on opposite sides of the tissue (35) . The chamber opening was rectangular exposing 0.6 cm2 of serosal surface area to Krebs buffer. Glucose (10 mM) was included in the serosal buffer and mannitol (10 mM) in the mucosal buffer. When chloride-free buffer was used, isethionate and acetate ions were substituted for chloride (36) . Agar-salt bridges were used to monitor PD and to inject current. The tissues were short-circuited at zero volts using a W-P Instruments automatic voltage clamp (Narco Scientific, Downsview, Ontario, Canada). The short-circuit current (Isc) was recorded continuously. PD was recorded at 10-min intervals during the experiment. Conductance (G) was calculated using values of Isc and PD. Tissues were allowed to equilibrate for at least 15 min until the Isc was stable before any manipulation was undertaken.
Response to antigen. We measured the Isc increase after administration of OA, 100 gg/ml, on the serosal side of the tissue. We had determined in preliminary experiments that this concentration produced the maximal change. OA added to the luminal side also caused the Isc to increase, but this response was smaller and less consistent. Responses to serosal antigen challenge were calculated as the difference between the basal Isc and the early peak Isc within 5 min after challenge (phase I) and as the difference between the basal Isc and the sustained elevation of Isc that was measured 15 min after challenge (phase II).
Response to nerve stimulation. Electrical transmural stimulation was used to stimulate intestinal neurons in the preparation. Rectangular current pulses (10 Hz, 10 mA, 0.5 m) were passed across the tissue in a perpendicular direction for a total time of 5 s (35) . Current was delivered from a Grass 88 stimulator via a current isolator ofthe optical type (Grass Instruments, Quincy, MA). The direction of the stimulating current was alternated in successive stimulations to avoid polarization of the electrodes. The response, the change in Isc between the basal Isc and the maximal Isc after stimulation, was measured after the current was turned off (35) . Under these conditions maximal responses were produced that were reproducible.
Effect ofinhibitors. (13, 14, 37) . Histology. Segments adjacent to those taken for the chamber studies were removed, opened along the mesenteric border, flattened and stapled on a card and placed in fixative. Carnoy's fixative was used for tissues that were processed and stained with toluidine blue for the detection of mast cells. Sections for identification of nerves were fixed in 10% acetic acid/90% ethanol, sliced in 1-mm strips which were embedded in paraffin mucosal face down, and cut (3 um) horizontally through the villi. Neuron-specific enolase (NSE) was detected in mucosal nerves by immunohistochemistry as described (16). The primary antiserum was rabbit anti-NSE, secondary was swine anti-rabbit immunoglobulin, tertiary was rabbit peroxidase-antiperoxidase complex. All antisera were obtained from Dako Corp., (Santa Barbara, CA).
Statistics. Statistical analyses were performed using analysis ofvariance and Student's paired or unpaired t test where appropriate.
Results
Basal parameters. As shown in Table I Responses to antigen in +/+ and W/WV mice. In intestine from sensitized +/+ control mice, the Isc response to the specific antigen, OA, was biphasic. As shown in Fig. 1 A, the Isc began to rise within 50-70 s after addition ofOA and reached a peak within 4 min (phase I). Thereafter, the Isc fell slightly, sometimes increasing to a second peak but always remaining elevated above the original baseline (phase II). There was no Isc change at all in response to challenge with an unrelated antigen, bovine serum albumin. Responses to OA were never present in unsensitized mice (data not shown). A response to OA was also apparent in intestine from W/J'V" mast cell-deficient mice ( Fig. 1 B) but the magnitude of the increase in Isc was significantly less, with phase I only -30% of that in intestine from congenic normal (+/+) animals. The pattern and magnitude ofthe response to OA challenge in +/+BM W/Wv mice ( Fig. 1 C) was very similar to that observed in +/+ mice.
The effects of chloride-free buffer and of pharmacological agents on antigen-induced Isc responses in +/+ and W/WV mice are shown in Table II . Chloride ions were necessary for the increase in Isc in +/+ mice; chloride-free buffer dramatically reduced both phase I and phase II of the response. In +/+ mice, the mast cell mediator antagonists, diphenhydramine and ketanserin, each produced significant inhibition ofthe first phase of the response, but neither affected phase II. By contrast, the cyclooxygenase inhibitor, piroxicam, significantly reduced both phase I phase II. Adding all three inhibitors in combination virtually eliminated both phases of the response. The neurotoxin, tetrodotoxin, caused a significant reduction in phase I of the response; phase II was not affected. The addition of tetrodotoxin to a mixture of the other three inhibitors did not reduce the response compared with using the three inhibitors without tetrodotoxin.
In W/WV mice, elimination of exogenous chloride ions significantly reduced both phases of the response to OA, to levels similar to those in +/+ tissues bathed in chloride-free buffer (Table II) . Piroxicam also significantly diminished both phases of the response in W/Wv intestine. However, in contrast to the results in +/+ intestine, diphenhydramine and ketanserin were without significant effect. An additional point illustrated in Table II , is that tetrodotoxin, by markedly reducing the intensity of phase I in +/+ intestine, eliminated the difference in the responses of +/+ and W/1V tissues to OA challenge.
Responses to nerve stimulation in +/+ and W/Wv mice. In all tissues, transmural stimulation of nerves caused a rise in Isc which began within 2 s after the stimulating current was turned off, reached a peak at -30-45 s, and returned to the original baseline within 3-5 min. In each tissue, the response was reproducible many times during the course of a 90-min experiment regardless ofthe direction ofthe stimulating current. As shown in Fig. 2 Fig. 1 . Note the similarity between the response in the reconstituted mouse (Fig. I C) and that of the +/+ mouse ( Fig. 1 A) . Responses in mast cell-deficient S1/Sd mice. In intestine from control +/+ mice, antigen produced a biphasic increase in Isc, a response similar to that obtained in previous studies using rats sensitized to OA or in rats infected with Trichinella spiralis (1 1, 13, 17) . The specificity of the response in OA-sensitized mice was demonstrated by the complete lack of reaction to an unrelated antigen, bovine serum albumin. Both phases of the response to OA were inhibited in chloride-free buffer. This finding was expected since net chloride secretion has been shown to be the driving force for accumulation of water and electrolytes in the lumen of rats during intestinal anaphylaxis (17, 18) . Other studies have demonstrated inhibition of antigen-induced Isc increases by furosemide, an inhibitor of chloride secretion and by diphenyl-2-carboxyamine, a chloride channel blocker (12, 14, 19) .
Mast cells mediate allergic reactions through the secretion of mediators triggered by antigen-dependent cross-bridging of IgE-antibodies bound to the cell surface (4). The mediators then act on target cells to cause alterations in physiology. In rat intestine, evidence has been provided for the involvement of histamine, serotonin, and prostaglandins in antigen-induced transport changes (13, 14) . The changes are thought to occur by the effects of mast cell mediators acting directly on the epithelium and/or indirectly via stimulated intestinal nerves (13) (14) (15) . In this study, phase I ofthe response in normal mice was significantly reduced by antagonists oftwo mast cell mediators, histamine and serotonin. The neurotoxin tetrodotoxin also inhibited the early phase of the response. None of these agents affected the second phase of the response. However, the cyclooxygenase inhibitor piroxicam significantly decreased phase I and abolished phase II. This result suggests a role for prostaglandins or thromboxanes in both phases, and indicates that phase II may be entirely dependent on cyclooxygenase products ofarachidonic acid metabolism. Although some mast 60 r Values represent the means±SEM. At least four tissues were obtained from each sensitized mouse; one tissue was untreated (none) and each of the others was subjected to a different treatment (preincubated with an inhibitor for at least 15 min before transmural stimulation). Diphenhydramine (DPH), ketanserin (KET), and piroxicam (PIR) were used at i0-5 M; tetrodotoxin (TTX) was used at 10-6 M. The response was calculated as the difference between the peak Isc after transmural stimulation and the baseline value. n = 16 for untreated; 5-9 for each treatment; * P < 0.05, * P < 0.01 compared with untreated tissues. cells can themselves release prostaglandins upon appropriate stimulation (6, 38) , the ability of mouse intestinal mast cells to produce cylooxygenase products has not been determined. Moreover, certain mast cell mediators and neurotransmitters are known to induce the generation of prostaglandins from other sources (39 (49) recently showed close physical proximity of eosinophils to neural processes in the jejunal lamina propria of the rat. However, the response to antigen in W/W1' mice was not affected by tetrodotoxin, suggesting that interaction with nerves is not required for the function of the "non-mast cell" involved in anaphylactic responses in this mutant. Further studies are obviously necessary to investigate the identity of the additional component(s) of the antigen-mediated response in mast cell-deficient animals.
In summary, in two distinct mutant mice, mast cell deficiency was associated with a major reduction in net ion secretion in response to either antigen or electrical transmural stimulation ofthe intestine. Our results raise the possibility that mast cells may play an important role in the regulation of intestinal ion transport in other pathological situations besides anaphylaxis and perhaps even in homeostasis in the normal gut.
